I. INTRODUCTION
As the running speeds of electronic circuits are coming into microwave frequency range, the problems of electromagnetic radiation and electromagnetic interference are becoming more and more serious in the development of highspeed electronic circuits. Special electromagnetic materials are often used in high-speed electronic circuits to reduce the electromagnetic radiations, decrease the noise level of signals, and ensure the electromagnetic compatibility. Such electromagnetic materials generally fall into two categories: dielectric composites with conductive fillers and magnetic composites. As far as thickness and working frequency bandwidth are concerned, magnetic composites have obvious advantages. The magnetic fillers often used in such composites are ferrite materials, such as spinel ferrites 1,2 and hexaferrites.
As compared to the usual spinel ferrites, the hexaferrites with a planar magnetic anisotropy are of great interest for use as electromagnetic energy dissipation materials in GHz range. Many works about Co 2 Z ferrite, Ba 3 Co 2 Fe 24 O 41 , have been reported. [3] [4] [5] [6] [7] [8] The ferrite is a soft material with a planar anisotropy; it has a relatively high resonant frequency and high permeability. On the other hand, in the hexaferrite family, M -type ferrite BaFe 12 O 19 has a high saturation magnetization and high Curie temperature as compared to the Co 2 Z ferrite. Unfortunately, its strong uniaxial anisotropy leads to low permeability and too high resonant frequency f 0 ϭ42.5 GHz. 9 However, these drawbacks will be improved if we are able to decrease the anisotropy field or even modify the anisotropy from uniaxial to planar. Kreisel et al. 10 
III. RESULTS AND DISCUSSION

A. X-ray diffraction
Some typical x-ray diffraction patterns are shown in Fig.  1 for nonaligned and aligned samples. The x-ray diffraction shows that all samples are single phase with hexagonal structure. The structural parameters are listed in Table I . The cell volumes increase with Co-Zr substitutions. As compared to the sample of xϭ0, the sample of xϭ1.2 has a cell expansion of about 0.5%. The expansion is attributed to larger ion radii for Co and Zr that are 0.065 and 0.072 nm, respectively, as compared to the ion radius of 0.055 nm for Fe. 18 With increasing x, the lattice parameter a almost is constant ͓0.5900͑2͒nm͔, the parameter c increases from 2.3226͑6͒ nm to 2.3314͑6͒ nm, and the ratio of c/a increases from 3.935 to 3.952. This implies that the Co and Zr ions may preferentially occupy some sites in the five different crystallographic sites of the M -type ferrite.
For the aligned samples of xϽ0.8, the intensity of the (00l) reflections increases dramatically, whereas the intensity of the other reflections almost vanishes. This means that these samples have an easy c-axis anisotropy. In contrast, the greatly increased intensity of the (hk0) reflections shows that the sample of xϭ1.2 has an easy c-plane anisotropy. The aligned sample cannot be obtained for xϭ0.8, even if a small alignment field of 2 kOe was applied. Therefore, the type of magnetic anisotropy cannot be identified. However, we believe that the anisotropy field will be very small, regardless of the easy c axis or the c-plane anisotropy for the sample.
B. Magnetic properties, H c , M s , and p
Some typical magnetization curves and M -H loops are shown in Fig. 2 for BaFe 12Ϫ2x Co x Zr x O 19 . The dependence of the coercivity H c on the Co-Zr substitution is shown in Fig. 3 . The coercivity decreases rapidly from 2400 Oe for the sample of xϭ0 to about 10 Oe for the sample of xϭ0.8, and then slightly increases for the sample of xϭ1.2. Similar results have also been reported for the Co-Ru substituted MBa ferrite by Cho and Kim. 12 However, only linear decrease in coercivity was found in Co-Ti and Co-Sn substituted BaM ferrites with substitution xр0.9 and xр1.2, respectively. 19, 20 Saturation magnetization M s and high-field susceptibility p can be derived from the law of approach to saturation ͓Eq. ͑1͔͒. It is observed that the dependence of M (H) on H is linear in high fields from 55 to 80 kOe. Hence, the second and third terms in the bracket of Eq. ͑1͒ can be neglected. The values of M s and p can be obtained based on a linear least-squares method in the fields of 55-80 kOe.
The saturation magnetizations M s , as a function of Co-Zr substitutions, are plotted in Fig. 3 and decreases for xу0. 6 . This is related to the distribution of ions on the five Fe sites. It is known that Fe 3ϩ ions with up-spin are distributed on the 2a, 12k, and 2b sites, and ions with down-spin are located on the 4 f VI and 4 f IV sites. The occupancy of the Co-Zr ions on the 4 f VI and 4 f IV sites led to an increase in the net magnetization, and the occupancy on the 2a, 12k, and 2b sites gave rise to a decrease in the net magnetization. Due to the competition between these two effects, the magnetization of BaFe 12Ϫ2x Co x Zr x O 19 remains constant for xр0.4, and decreases for higher substitutions. The magnetization decreases more rapidly for BaFe 12Ϫ2x Co x Zr x O 19 than for the Co-Ti and Co-Sn substituted BaM ferrites. The magnetizations reduced by 23%, for xϭ0 to xϭ0.8, for the Co-Zr substituted BaM ferrite, and only by 6.3% for the Co-Sn substituted BaM ferites. 20 In addition, the magnetization has a maximum; it increases for xϭ0 -0.6 and then decreases for the Co-Ti substituted BaM ferrite. 19 Mossbauer spectra indicated that the Co-Zr ions preferentially occupy the 12k and 2b sites, 21 but the Co-Ti and Co-Sn ions preferentially occupy the 4 f VI site, besides the 2b and 12k sites. 19, 20 The preferential occupancy of the Co-Sn and Co-Ti ions on the 4 f VI led to larger decrease in the negative magnetization. Consequently, an increase or slow decrease in magnetization is observed. For BaFe 12Ϫ2x Co x Zr x O 19 , the relatively fast decrease in magnetization has its origin in the small occupancy of Co-Zr ions on the 4 f VI and 4 f IV sites.
It is obvious from Fig. 2 that for samples of xу0.8, the magnetization does not reach saturation even in a large applied field of 80 kOe. The high-field susceptibilities p , as shown in Fig. 4 , indicate that the values of p increase slightly in the range of xϭ0 -0.4. However, the susceptibilities increase rapidly for xϾ0.6; the value of p is almost tripled for the sample of xϭ1.2, as compared to the sample of xϭ0. 6 . Similar results were also observed in the substituted Co-Ti and Zn-Zr BaM ferrites with high substitutions. 22, 23 This implies that a noncollinear magnetic structure ͑spin canting͒ occurs in the sample of xу0.8. The canting magnetic structure is another cause that leads to a low magnetization in high Co-Zr substitutions. However, this method cannot be used for samples of x у0.8, because the condition of K 1 ӷK 2 is not satisfied.
C. Anisotropy field H a
The other method is based on the magnetization curves parallel and perpendicular to the alignment direction for an aligned sample. The two M -H curves have been measured for the aligned BaFe 12Ϫ2x Co x Zr x O 19 with xϭ0, 0.2, 0.4, 0.6, and 1.2. As an example, the curves are shown in Fig. 5͑a͒ for the aligned sample of xϭ0.4. The field corresponding to the intersection of the two curves is considered as the anisotropy field H a . The results are also shown by the circular markers in Fig. 5͑b͒ 24 -27 Albanese et al. 28 indicated that Co 2 Z ferrites gave a negative contribution to K 1 and a positive contribution to K 2 . Also, Co-Ti and Co-Ir substitution can modify the anisotropy from uniaxial to planar for M -type ferrites. 10, 29 Therefore, it seems reasonable to assume that the Co ions contribute preferentially to planar anisotropy. On the other hand, Fe ions tend to contribute to c-axis anisotropy. Due to competition of the two contributions, the anisotropy is modified from uniaxial to planar for BaFe 12Ϫ2x Co x Zr x O 19 .
As shown in Fig. 5͑b͒ , the dependence of the anisotropy fields H a on the Co-Zr substitutions is considered to be linear, to a good approximation, for xϭ0 -0.6. By extrapolating from xϭ0.6, the value of H a is equal to zero at x ϭ1.0. Therefore, it is reasonable to deduce that BaFe 12Ϫ2x Co x Zr x O 19 has an easy c-axis anisotropy below x Ͻ1.0, and an easy c-plane anisotropy above xϾ1.0. The deduction is consistent with the results of x-ray diffraction for the aligned samples. We note that Co-Ti substitution can also modify the anisotropy from uniaxial to planar for x у1.1. 10 However, Co-Sn substituted BaM ferrite keeps an easy c-axis anisotropy for xϭ0 to xϭ1.4; the magnetocrystaline anisotropy constant K 1 is about 1.93 cm Ϫ1 /ion for x ϭ0 and 0.72 cm Ϫ1 /ion for xϭ1. 4 . 20 It appears that the difference between the Co-Zr/Co-Ti and the Co-Sn substitutions is related to the ion occupancy on the 2b site. It is known that the high magnetocrystalline anisotropy of BaM ferrite has its primary origin in Fe 3ϩ ions on the trigonal bipyramidal site, i.e., the 2b site, 30 which has large asymmetry. Therefore, the preference of nonmagnetic ions on the 2b site can lead to a decrease in the anisotropy field. Mossbauer spectra showed that Co-Zr, Co-Ti, and Co-Sn ions preferentially occupy the 2b site. [19] [20] [21] Perhaps, there are more occupancy on the 2b site for the nonmagnetic Zr and Ti ions, as compared to the Sn ions. Thus, the anisotropy field reduces more rapidly for the Co-Zr and Co-Ti substitutions than for the Co-Sn substitution.
The value of H c is closely related to anisotropy fields. The rapid decrease in coercivity can be attributed to the reduction of anisotropy fields for samples of xр0.8. Further Co-Zr substitution gives rise to a slight increase in coercivity (H c ϭ82 Oe for the sample of xϭ1.2). This may be due to a change in the anisotropy from uniaxial to planar for the sample of xϭ1.2.
D. Magnetic properties at microwave frequencies
The electromagnetic properties of the composites filled with 35% ͑by volume͒ BaM ferrite powders are characterized from 1 to 14 GHz. The dielectric properties of the samples do not have obvious changes at the frequency range. The real part of the complex permittivity is about 6.5 and the imaginary part is about 0.5 for all the samples. The real and imaginary parts of the relative complex permeability, Ј and Љ, are shown in Figs. 6͑a͒ and 6͑b͒ , respectively. It should be indicated that the measurement has some uncertainties at frequencies around 2.5n GHz (nϭ1, 2, 3, etc. ͒, especially at 7.5 GHz, where the sample length is equal to integer multiples of half wavelength.
For samples of xϭ0 and xϭ0.4, the real part of the relative permeability changes little and the imaginary part is close to zero. The magnetic resonance behavior was not found within the measurement range. For samples of x ϭ0.8 and xϭ1.2, the natural resonance frequencies are observed at 4.5 and 5.0 GHz, respectively, corresponding to the maximum in Љ-f curves. As we know, the natural resonance frequencies, f 0 , can be expressed as for easy c axis and easy c-plane anisotropies, respectively.
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H and H are the anisotropy fields along c axis and in c plane, respectively. ␥ϭ2.8 MHz/Oe is the gyromagnetic ratio. In Sec. III C, we have obtained that the anisotropy fields are 17.2 and 10.0 kOe for the samples of xϭ0 and xϭ0. 4 . Based on Eq. ͑3͒, the calculated resonance frequencies are about 48.2 and 28.0 GHz, which is way beyond the measurement range. Pullar et al. 9 have reported that the natural resonance frequency is about 42.5 GHz for BaFe 12 O 19 . With increasing Co-Zr substitutions, the anisotropy fields decrease rapidly and the anisotropy is even modified from uniaxial to planar. Consequently, the corresponding resonance frequencies should be reduced and the resonant characteristics are observed for samples of xϭ0.8 and xϭ1.2. Figure 7 shows the effects of magnetic resonance to reflectivity, which is a theoretical estimation based on the electromagnetic properties of our composite samples. In the calculations, we assume that the samples are backed by a metal and the thickness of composites is 5 mm. The dielectric constant used in the calculation is 6.5 and the imaginary part of the relative permittivity is 0.5. The relative complex permeability is based on the values shown in Fig. 6 . The magnetic resonance leads to an obviously lower reflectivity for samples of xϭ0.8 and xϭ1.2. This can be understood from two aspects. First, for a single layer of isotropic material, its thickness should be equal to a quarter wavelength at the frequency of interest. Due to the magnetic resonance, the real part of the relative permeability decreases with frequency. The quarter wavelength requirement could be fulfilled in a frequency range around the magnetic resonance. Therefore, we can obtain low reflectivity over a broader frequency range. Second, more electromagnetic energy is dissipated due to the magnetic resonance. As a result, the lower reflectivity is achieved. Therefore, magnetic resonance is useful to the development of electromagnetic materials with broad bandwidth and low reflectivity. 
IV. CONCLUSIONS
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